Several recent studies indicate that small Open Reading Frames (sORFs) embedded within multiple 20 eukaryotic non-coding RNAs can be translated into bioactive peptides of up to 100 amino acids in size.
Transcriptionally Active Regions (TARs) in Arabidopsis thaliana remain unclear. To provide a starting 23 point for function annotation of these peptides, we performed a large-scale prediction of peptide 24 binding sites on protein surfaces using and coarse-grained peptide docking. The docked models were 25 subjected to further atomistic refinement and binding energy calculations. A total of 530 peptide-26 protein pairs were successfully docked. In cases where a peptide encoded by a TAR is predicted to 27 bind at a known ligand or cofactor-binding site within the protein, it can be assumed that the peptide 28 modulates the ligand or cofactor-binding. Moreover, we predict that several peptides bind at protein-29 protein interfaces, which could therefore regulate the formation of the respective complexes. Protein-30 peptide binding analysis further revealed that peptides employ both their backbone and side chain 31 atoms when binding to the protein, forming predominantly hydrophobic interactions and hydrogen 32 bonds. In this study, we have generated novel predictions on the potential protein-peptide interactions 33 in A. thaliana, which will help in further experimental validation.
34
Author summary 35 Due to their small size, short peptides are difficult to find and have been ignored in genome 36 annotations. Only recently, we have realized that these short peptides of less than 100 amino acids 37 may actually play an important role in the cell. Currently, there are no high-throughput methods to find 38 out what the functions of these peptides are in contrast with efforts that exist for 'normal' proteins. In 39 this work, we try to fill this gap by predicting with which larger proteins, the short peptides might 40 interact to exert their function. We find that many peptides bind to pockets where normally other 41 proteins or molecules bind. We thus think that these peptides that are induced by stress, may regulate
Introduction

45
Over the years, the functional importance of short plant signaling peptides has been overshadowed by 46 other groups of molecules. For instance, the phytohormone auxin was shown to be involved in bidirectional polar transport across tissues, controlling plant growth-related processes (Grunewald & (Schindler et al, 2015) , HADDOCK (Dominguez et al, 2003; Trellet et al, 2013) , and tools to predict 
91
Furthermore, as biological systems are not static, we also looked into dynamics of the obtained 92 docked models and calculated the energetics of binding based on multiple conformations that the 93 protein-peptide system can acquire in the solution.
95
We hypothesize that a SIP encoded by a TAR may bind on a protein at one of its pockets, or to a 96 known ligand or cofactor-binding site, and consequently affect the function of the protein as a whole.
97
Moreover, peptides may bind at the interfaces of multi-chain complexes and modulate their activity.
98
Protein-peptide interactions involve smaller interfaces whose affinity is usually weaker and are 99 transient as they can rapidly make and break interactions in response to sudden cellular perturbations, 6 138 (Trellet et al, 2013) . From the docked models, we filtered out the 104 top protein-peptide pairs, and for 139 each of them characterized the protein-peptide binding, and determined the free energy of binding.
140 Our results show that there exists a huge repertoire of potential peptide binding sites on all available 141 A. thaliana proteins out of which we explored only 0.015%. Large-scale predictions of potential protein-142 peptide pairs can aid in future experimental validations for understanding cell-to-cell communication 143 during plant development or stress-tolerance mechanisms. 144 145 Specific inhibitors may mimic portions of protein interfaces and can bind to a peptide binding pocket 146 located at the interface between two monomers. In our study we found that 15 peptides bind at the 147 interface between subunits of protein complexes, indicating the ability to modulate complex's activity 148 ( Figure 1A , Supplementary table 2) . Among the 15 models, in three of the cases the peptides bind in a 149 similar way to known characterized short peptides or portion of a full-length protein (Supplementary 150 Figure 3 ). We also observed that 30 peptides bind to a known ligand/cofactor binding site ( Figure 1A , 151 Supplementary table 1) . Ligand and protein binding sites may often overlap within protein families as it 152 has been shown that a peptide may compete with the ligand for the binding site or non-competitively 153 bind to the pocket along with the ligand molecule. The structural models obtained in the current study 154 will facilitate future validations as we can directly compare the binding modes of peptides on proteins. 162 In addition, we investigated if peptide binding pockets on proteins could bind multiple peptides, or in 163 other words, whether a peptide prefers to bind to one specific pocket on a protein. To test this, we 164 generated a randomly shuffled list of peptides while keeping the list of PDB structures intact, followed 165 by scanning for binding sites using PepSite2. In 95.15% of the cases the peptides preferred to bind to 166 the same pocket, while in only 4.84% of the cases the peptides were bound to different pockets on the 167 same receptor (Supplementary Figure 1A) . It is possible that the S-PSSMs capture the binding modes 7 168 of amino acids in such a way that amino acids in a peptide sequence may prefer to bind to chemically 169 similar binding sites on proteins, e.g. hydrophobic amino acids from the peptide tend to bind 170 hydrophobic protein regions (Petsalaki et al, 2009 ) of appropriate sizes. While some reports suggest 171 that peptides often look for a large enough pocket to bind followed by latching onto it with the help of a 172 few hotspot residues (London et al, , 2012 , other reports suggest that several different peptides 173 are able to bind to the same protein domain by exhibiting special properties such as promiscuity 174 (Bhattacherjee & Wallin, 2013) . Furthermore, the seemingly more important role of peptide backbone 175 compared to side chain atoms (detailed below) in protein binding provides another explanation for the 176 observed promiscuity, as backbone atoms are the same independent of the amino acid sequence of 177 the peptide. 230 After analysis of the docked models, we took a further look into the dynamics of the top model from 231 each of the 104 protein-peptide docked pairs and calculated the free energy of binding based on 100 232 conformational snapshots from molecular dynamics for each system (Figure 2A, B) . Per-residue 233 decomposition of protein-peptide binding energies also allowed identification of amino acid types that 234 frequently (in multiple systems) have significant binding contribution ( Supplementary Figure 2A) . For 235 instance, arginine residue, located in proteins at the peptide binding interface, stands out as a 236 recurring amino acid with significant stabilizing effect on the binding (negative value of the ΔG bind 237 contribution). Interestingly, a prevalent contribution of negatively charged peptide amino acids is 238 seemingly lacking. Visual investigation of trajectories obtained by molecular dynamics shows that 239 arginines make salt bridges with negatively charged carboxyl groups of peptide C-terminal amino 240 acids in 70% of cases (31/44), making this interaction independent of amino acid type present in the 241 peptide. Other prominent protein residues that predominantly stabilize interactions with the peptides 242 are the charged (Glu, Asp) and aromatic ones (Trp, Phe, Tyr).
243 Local destabilizing effect on binding is shown by different peptide amino acids, containing side chains 244 of largely different properties ( Supplementary Figure 2A) . However, a more detailed view reveals that 245 this is a consequence of amino acid location within a peptide, rather than its chemical composition 246 (Supplementary Figure 2B) . In average, non-terminally located amino acids contribute to the binding in 247 a stabilizing manner, N-termini destabilize protein-peptide interaction, while C-terminal amino acids 248 have different average effect depending on amino acid type, and rarely have significant contribution 249 ( Supplementary Figure 2B, C) . Positively charged arginine residue in peptide is an interesting 250 example: its overall contribution is stabilizing ( Supplementary Figure 2A 253 Overall, the largest destabilizing factor in binding across the 104 top protein-peptide models is the 254 inability of protein to stabilize the N-terminal positively charged amino group of the peptide. However, 255 the negative ΔG bind values for almost all systems (101 out of 104; Figure 2A Figure 3A) . We split the entire 41 AA long peptide sequence of BIP142_3/OSIP134_3 into 271 10-mer fragments using a sliding window and scanned against all A. thaliana PDB structures. High 272 confidence peptide bindings with p-value less than 0.001 were retained ( Figure 3B ). We picked the 
